Toxoplasma gondii is an obligate intracellular protozoan that poses a great threat to human health and economic well-being worldwide. The effects of environmental factors such as changing climate and human activities on the ecology of this protozoan are being discovered. Accumulated evidence shows that changes of these environmental factors can exert influence on the occurrence, transmission and distribution of T. gondii. This article reviews studies from different geographical regions with varying climates, social cultures and animal welfare standards. It aims to illustrate how these environmental factors work, highlighting their importance in influencing the ecology of T. gondii, as well as providing clues which may contribute to preventing transmission of this important zoonotic pathogen.
Background
Toxoplasmosis is a globally distributed, water-and foodborne zoonosis caused by the unique protozoan Toxoplasma gondii, an organism that infects all warm-blood vertebrates including humans and birds [1] . An estimated one-third of the world's population is infected by this pathogen [2] . T. gondii infects its hosts via three main pathways: ingestion of tissue cysts in undercooked meat, ingestion of oocysts in the environment, and congenital transmission from an infected mother to her fetus during pregnancy. Infection with T. gondii is typically asymptomatic and causes a life-long latent infection in healthy individuals. A more serious problem is that chronic infection can be reactivated and cause toxoplasmic encephalitis or death in subsequently immunocompromised hosts, such as AIDS patients [3] . Multiple lines of evidence indicate that chronic infections caused by T. gondii are likely associated with certain psychiatric disorders in human beings [4, 5] . Furthermore, T. gondii infection may result in severe and lifethreatening consequences in the developing fetus or newborn, including miscarriage, congenital blindness, hydrocephalus, mental retardation, and even death [6] .
Changing environmental conditions, whether caused by rapid urbanization, global warming or economic globalization, have already changed the emergence, transmission and distribution of parasitic diseases including toxoplasmosis [7] . The ecology of T. gondii, with its complex life-cycle, is susceptible to environmental change mainly through the survival time and infectivity of oocysts, as well as the behavior and population density of hosts [8] . However, the mechanisms by which these factors affect the spread of T. gondii are not fully understood. We therefore reviewed the literature to determine the environmental factors affecting the emergence, transmission and distribution of T. gondii.
The life-cycle of T. gondii T. gondii is a protozoan parasite whose complex lifecycle includes sexual replication in the only definitive host, the felid, and asexual propagation in various other warm-blooded animals [1] . When felids ingest foods contaminated by infectious oocysts, tissue cysts or pseudocysts, sporozoites, bradyzoites or tachyzoites are released. The released organisms penetrate the enterocytes of cats and transform intracellularly into multinucleated schizonts after 3 to 7 days post-infection. The subsequent schizogony of sexual development (replication) occurs within the epithelial cells of the small intestine of felids, where schizonts mature and develop into microgametes (male) and macrogametes (female) after several generations [9, 10] . A diploid zygote that will develop into an oocyst forms after a female gamete is fertilized by a male gamete [11] . Unsporulated oocysts are expelled into the environment with the feces in high numbers and become sporulated and infectious; under favourable conditions, an oocyst yields two sporocysts containing four haploid sporozoites [12] .
Asexual development begins in the small intestine of hosts when sporulated oocysts in the environment, or the tissue cysts of animal bodies, are ingested by any of a wide range of warm-blood animals, including cats. At first, sporozoites or bradyzoites are released from oocysts or tissues cysts; they penetrate into enterocytes and develop into tachyzoites, which multiply rapidly in any nucleated cells. These protozoans then travel throughout the body via blood or lymph, so that tissue cysts form in immunopotent individuals, causing a chronic stage of the asexual cycle. Cysts are mainly distributed in the brain, skeletal muscles and cardiac muscles of hosts [1, 10] . Once ingested by intermediate hosts such as dogs, pigs, rodents or humans, the cysts are digested by proteolytic enzymes in the digestive tract of carnivores. Then bradyzoites are released and differentiate back to the tachyzoite stage as they infect the epithelium of the intestinal lumen and disseminate rapidly within leukocytes, thereby spreading throughout the bodies of their hosts [1, 12] . They then become dormant when the tachyzoites are controlled by interferon-γ and T cell responses of immunopotent individuals [1, 13] . However, this stage of conversion between tachyzoite and bradyzoite shows remarkable flexibility. The success of T. gondii as a parasite may reflect that unlike some other important apicomplexan parasites, T. gondii can also develop asexually, enabling transmission among warm-blooded intermediate hosts through predation, scavenging, and vertical transmission without involvement of the definitive felid host [14] .
T. gondii oocysts in the environment
Unsporaluted oocysts are shed by felids infected by ingestion of any of the three infectious forms: tachyzoites, bradyzoites or oocysts. Unsporaluted oocysts without the capability to infect hosts are less environmentallyresistant, and their lifespan and infectivity are affected by climate conditions, particularly by extremes of temperature and decreased relative humidity [8] . The sporulated oocysts become infective and environmentallyresistant for periods depending on local climatic conditions, up to 12-18 months, and still remain viable stored for at least 54 months at 4°C in water [15, 16] . It appeared that oocysts are more susceptible to freezing than to higher temperatures, for example, sporulated oocysts can remain infectious in −20°C whereas they can be killed in 55°C for 2 min [17, 18] . Low humidity is fatal for oocysts, for example, the oocyst at 19 % relative humidity for 11 days can be killed [19] . In addition, sporulated oocysts with an impermeable outer shell are considered resistant to many chemical disinfectants and physical forces [20, 21] .
An infected domestic cat between 4 and 13 days after feeding T. gondii tissue cysts can excrete more than 20 million oocysts [22, 23] , although the prepatent period of shedding oocysts varies with the stage of T. gondii ingested by the cat. For example, the prepatent period for oocyst-or tachyzoite-infected cats (18 days or longer) is longer than that of bradyzoiteinfected cats (3-10 days after primary infection) [24] . However, little is known of the amount, the distribution and the density of oocysts in the environment disseminated by wild or domestic felids, which have been responsible for several outbreaks of water-borne toxoplasmosis in humans even at very low doses of oocysts in the environment [25, 26] .
Oocyst-containing faeces are habitually buried in humid soil or sand by cats and are small enough to be widely dispersed by water flow. Mechanical hosts that have contact with contaminated soil, water or crops, such as earthworms and amoebae, may also play a role in dissemination. These processes result in worldwide contamination of the environment, making environmental contact an important route of infection for humans and animals [27] [28] [29] . Rapid and effective detection of T. gondii oocysts from environmental samples remains a challenge, due to lack of sensitive methods, low density in the environment and the inhibitors of assays in these complex environmental matrices. In recent years, PCR-based molecular techniques have been established to detect T. gondii oocysts in different matrices, such as water, soil and animal tissues [30] [31] [32] [33] . This method has been demonstrated more sensitive and less time consuming than the bioassay, suggesting a wide application in public health [31] . However, a proper procedure for oocyst recovery is critical because of its observable loss during the procedure [34] . The outcomes of these assays may be interpreted with caution because the efficiency of these assays may be affected by the concentration and purification techniques used, the composition of the samples and the properties of the oocysts (e.g., fresh oocyst or not, sporulated or not), as well as the presence of inhibitors of detection assays [25, [35] [36] [37] .
Environmental factors influence the occurrence, transmission and distribution of T. gondii Accumulated evidence shows that changes in these environmental factors can strongly influence the occurrence, transmission and distribution of T. gondii, especially with today's rapid urbanization, global warming and economic globalization worldwide. The loss and fragmentation of animal habitat and loss of biodiversity caused by the world's ever-increasing population and the ensuing changes in land use may disturb the ecological equilibrium, providing opportunities for T. gondii to spread into new regions.
Climatic effects on the ecology of T. gondii
Today, climate change is both confirmed and being aggravated by three major components which vary in different places and at different times.
1) Global warming due to the increasing concentration of CO 2 and other greenhouse gases, such as CH 4 and N 2 O. 2) Rising temperatures cause the hydrologic cycle to change increasing the total precipitation, creating two main aspects: greater rainfall at higher latitudes and decreased precipitation at lower latitudes. 3) Increased frequency in extreme climatic events [38] .
Climate effects influence the occurrence, survival, distribution and transmission of T. gondii in three main ways.
1) Whether oocysts can be sporulated or not is partly determined by local climate, particularly temperature and humidity [7] . 2) The dynamics of oocysts in the environment are influenced by seasonal precipitation, which affects the river flow that can deliver oocysts from the land to the water, including the ocean, leading to water-borne toxoplasmosis and high levels of coastal contamination with this protozoan parasite [25, 39, 40] . 3) Climate may also affect the geographic distribution, population density and migration patterns of rodents, migratory birds and arthropods; animals that act as reservoir hosts or transport hosts and play an important role in the emergence, survival, distribution and transmission of T. gondii [41] [42] [43] [44] [45] .
Temperature may affect the survival and infectivity of T. gondii oocysts, as well as the population density of intermediate and mechanical hosts. Even tiny changes in temperature may have a significant effect on the prevalence of the pathogen [46] . For example, in the region of Svalbard, Norway where felids are absent, warmer water temperatures increased the survival time of T. gondii and led to influxes of temperate-sensitive marine invertebrate filter feeders such as large marine snails. Moreover, the latter, as carriers for T. gondii oocysts, are considered one source of the high seroprevalence of ringed seals and bearded seals, as well as of their predators -polar bears [47] . An interesting study found that the prevalence of toxoplasmosis in pregnant women in Sweden decreased from the south to the north, whereas the average temperature declines along with latitude. To understand further the situation, we analyzed the possible relationship between the prevalence of pregnant women exposed to T. gondii and the average annual temperature in the corresponding area using Pearson's correlation analysis. The result showed a positive correlation between average annual temperature in different areas in Sweden and the incidence of toxoplasmosis in pregnant women, although the P value was only 0.086 ( Fig. 1) [48, 49] . Another national comparative study in Mexico found that an increase of 0.6°C in the temperature between 2000 and 2006 was positively correlated with an increased prevalence of toxoplasmosis in humans in 21 states in Mexico (r = 0.489, P = 0.029) [50] . For terrestrial animals, warmer temperature may increase their abundance, particularly for rodents, which are considered important in the transmission of T. gondii as they are prone to predation by pigs, dogs, and particularly by cats [51, 52] . Thus, rising temperatures may provide opportunities for these hosts to increase the dynamic of T. gondii and extend its range of distribution [53] . In addition, the increased snowmelt river flow caused by high temperatures during spring conditions could increase the concentration of T. gondii oocysts moving from the melting snowpack to the Canadian Arctic estuarine environment, where humans Fig. 1 The possible effects of temperature on the prevalence of Toxoplasma gondii in pregnant women in Sweden. The data of annual temperature in different regions of Sweden were sourced from the Swedish Meteorological Institute ; the data of prevelances of T. gondii in pregnant women were obtained from Ref. [48] and Ref. [49] . The correlation was performed using Pearson's correlation analysis and arctic marine animals are at high risk of infection with T. gondii [54, 55] .
Rainfall is one of the most important factors influencing the transport of water-borne pathogenic microbial contaminants from the terrestrial environment [56] . The increased river flow caused by increased precipitation in some regions will result in greater delivery of contaminants to the coasts and oceans [7, 57] . One study used logistic regression analysis to find a significant association between T. gondii seropositivity in sea otters and sampling areas with a maximal freshwater outflow along the coast, suggesting that freshwater runoff is an important vehicle to transmit T. gondii from the land to the marine ecosystem [58, 59] . Furthermore, rain can help create a moist environment that allows for oocysts survival and increase the food availability to support high densities of hosts, including transport hosts [45, 53, 60] . Afonso et al. [61] showed that an increased incidence risk of T. gondii in cats was found in rainy sites or during rainy years, especially when the mean precipitation per 10-day period was > 25 mm, suggesting that rainfall could influence the exposure of cats to T. gondii. Conversely, low rain or drought can result in poor hygiene and reduced food supply, floods in contamination, and the abundance of animals [7] . In addition, alteration to precipitation may affect the development of arthropods that require a humid environment, and flies, cockroaches and earthworms are experimentally-proven transport or paratenic hosts for T. gondii, suggesting their potential role in the spread of T. gondii to other hosts through ingestion of oocysts [27, 62, 63] .
Human activities
There is little doubt that human activities are changing the environment around us. 1) Climates have been changed by human activities: regional climate can be altered by changes in land use by means of the shifts of surface temperature, radiation and cloudiness; the concentration of atmospheric carbon dioxide (CO 2 ) which contributes to global warming has significantly increased due to fossil fuel burning and cement production since the industrial era [38, 64] . 2) Increasing demographics and ensuing changes (including deforestation, urbanization, carbon emissions and other anthropogenic behaviors) have resulted in habitat loss and fragmentation of animal populations, as well as the climate change, which can reduce biological diversity and provide favorable conditions for the occurrence and spread of parasitic zoonosis [7, [65] [66] [67] . For example, the emergence of T. gondii infections in river otters was likely associated with the higher density of human populations and the increased presence of feral and domestic cats [68] . An increase in the feral cat population responding to the decline of the Tasmanian devil (due to anthropogenic processes) is likely to increase the risk of exposure to T. gondii in naive native marsupials in Tasmania, Australia [69] . Gotteland et al. developed an Agent Based Model (ABM) taking spatial distribution of landscape structures (farm buildings) into account [70, 71] . They found that spatial distribution of farm buildings in rural environments is associated with the infection of humans and animals: humans and animals in the villages where the farms are located might be at a higher risk of exposure to T. gondii oocyst due to the high density of cats [70, 71] .
Urbanization
It is estimated that more than half of the world population was living in cities by 2014 and that the world urban population will increase by another 2.5 billion by 2050, indicating a massive migration from rural to urban, particularly in developing countries [72] . The process of urbanization inevitably alters the land cover and concentrates the population, significantly altering ecological mechanisms that influence the epidemiology of infectious diseases, affecting contact rates in animal and human populations via the loss of natural habitat and concentration of domestic and feral animals in urban areas [45, [73] [74] [75] [76] [77] [78] . For example, urbanization increases the possibility of host exposure to enteric parasites due to the changes in developed habitat, grassland cover and dietary choice [79] . Lehrer et al. [80] showed that woodchucks in the US Midwest became herbivorous "urban adapters" due to urbanization, and urban woodchucks with a higher prevalence of T. gondii shared the same habitat with feral or domestic cats that may discharge high levels of T. gondii oocysts into the environment. Lélu et al. [81] found that the transmission dynamics of T. gondii differed by the type of environment (i.e., rural/urban) and suggested that people living in rural areas tend to have a higher risk of exposure to T. gondii, whereas urban dwellers were likely to be infected by T. gondii oocysts. Therefore, urbanization may greatly affect the transmission pattern of T. gondii and increase the risk of acquiring T. gondii infection associated with oocysts. Obviously, further investigation is needed to elucidate the detailed mechanisms of these processes.
Environmental degradation
Environmental degradation includes deforestation and the degradation of wetlands due to commercial development or agricultural practices and is a global concern [82] . Using a multi-scale, model-based approach, several studies demonstrated that wetlands around human habitation could reduce the load of T. gondii oocysts in the coastal environment through the processes of filtering and adhesion [57, 83, 84] . However, the constant degradation of landscapes caused by anthropogenic activity has increased the transmission of zoonotic pathogens to coastal waters, a process likely responsible for widespread infections or death in some species of marine animals that either ingest the contaminated shellfish or are themselves infected by these zoonotic pathogens [81, 85] . A recent study indicated that a significant increase of T. gondii in coastal waters threatens the health of marine animals, as well as that of the humans who eat raw or undercooked shellfish, because the degradation of wetlands impairs the ability of plants to eliminate the T. gondii oocyst from the surface water in coastal California [84, 86] . However, more investigations are needed to better characterize the relationship between the transmission of T. gondii and the ecology ecosystem surrounding us.
Conclusions
PCR-based molecular approaches used in epidemiological investigations provide powerful tools to monitor and identify the risk factors associated with the spread of T. gondii in the environment, especially in determining the sources of infection and the genotypes involved, as well as tracking the transmission route of T. gondii directly from environmental matrices [63] . However, advanced monitoring and supervision are needed to enhance the abilities of early-warning systems and prevent outbreaks of toxoplasmosis.
The continued changes in environmental factors have modified the emergence, distribution and transmission of T. gondii, although these effects may vary by geographic region according to the local climate, agriculture practice, animal welfare, as well as regional culture. However, those examples mentioned in this review reveal the tremendous gaps in our knowledge of the relationship between the ecology of T. gondii and the changes in environmental factors. This knowledge is critical to effectively alleviate and prevent this disease.
Without effective vaccines to prevent human toxoplasmosis, an integrated strategy of prevention should include improved sanitation, changed eating habits, proper handling of cat feces and providing safe drinking water, to reduce or eliminate the transmission of T. gondii. Importantly, more efforts should be made to develop collaborations among parasitologists, ecologists, epidemiologists, statisticians, modelers and GIS specialists [87] [88] [89] . In the long term, to prevent this opportunistic zoonotic pathogen, effective vaccines must be developed that can block felid oocyst shedding and protect humans from infection, to control toxoplasmosis in humans and animals [90, 91] .
